Background
==========

Stem cells are cells found in nearly all tissues \[[@B1]\], although generally in small numbers. They are defined by several unique properties \[[@B2],[@B3]\]: Stem cells are unspecialized cells, they are capable of dividing and renewing themselves for long periods of time, and they can give rise to many types of specialized cells, such as blood, nerve, and muscle cells. Whereas embryonic stem cells, which are derived from very early embryos, are totipotent -- that is, they are capable of generating all types of cells in the body during normal development -- adult stem cells have lost this potential. When adult stem cells differentiate, they seem to be restricted to produce cells from the tissue they originate, though there are recent publications suggesting a transdifferentiation potential \[[@B4]-[@B7]\].

Adult neural stem cells have been isolated from various regions of the adult mammalian brain, where the highest densities of neural stem cells have been found in the hippocampus, the subventricular zone, and the olfactory bulb \[[@B8],[@B9]\]. It seems that adult neural stem cells have the ability to develop into functional mature neurons \[[@B10]\]. These regions are of special interest as they reveal spontaneous neurogenesis throughout the entire lifetime, suggesting to play a functional role in physiological cell replacement in aging, learning and cognition, as well as proposing a therapeutic potential in neurological disease \[[@B5],[@B11],[@B12]\], including neurodegenerative disorders like Alzheimer\'s and Parkinson\'s disease, cerebrovascular insults such as stroke, or developmental impairments.

Although proteomic technology has been widely used with regard to different aspects of multiple neurological diseases \[[@B13],[@B14]\], neural stem cells isolated from the brains of adult mammals have not been subjected to profound proteome analysis. On the other hand, genome-wide approaches have been published recently which were analysing neural stem cells using DNA microarrays or differential display methods \[[@B15]-[@B18]\].

To elucidate the functional role of protein interaction in HNSC with regard to plasticity, proliferation, or differentiation, proteomics, based on high-resolution two-dimensional gel electrophoresis (2-DE) combined with mass spectrometry, is a useful tool. Prerequisite of any functional HNSC experiment is the knowledge of the cellular proteome which then allows assessment of differential protein expression. In the present study, we propose a reference database and reference map for neural stem cells from adult rat hippocampus.

Results
=======

Protein expression standard pattern
-----------------------------------

The two-dimensional (2-D) standard pattern of HNSC isolated from adult rat brain is shown in Fig. [1](#F1){ref-type="fig"} \[see also [additional file 2](#S2){ref-type="supplementary-material"}\] as revealed by scanning, digitizing, densitometry, and image analysis. Each spot detected by the 2-D software was assigned a unique number to identify spots in a gel matching process. Spots of 5 different experiments were compared to a reference map. Technical replicates of gels from the same experiments showed a high reproducibility when run under the same electrophoretic conditions. In the 2-DE gels analysed, we could map an average of 1141 ± 209 (*N*= 5) protein spots representing the cellular proteome of HNSC, ranging from 967 to 2066 assigned protein spots. Thus we could create a proteome database of 2472 unique spots being present in at least 1 gel.

![Two-dimensional gel of adult rat hippocampal stem cell lysate. (A) Representative original gel image. (B) Scout to find annotated spots in magnified gel sectors (see supplemental material).](1477-5956-1-4-1){#F1}

Protein identification
----------------------

Of the 2472 unique spots in the HNSC database, we could identify 266 protein spots using MS, database search and subsequent gel matching, representing 109 individual proteins.

Table 1 \[see [additional file 1](#S1){ref-type="supplementary-material"}\] lists the identified proteins with their respective SwissProt database accession number, which can be assessed via the internet URL <http://www.expasy.ch/sprot>, the NCBI GenBank accession number, which can be assessed via the internet URL <http://www.ncbi.nlm.nih.gov/Entrez>, and the theoretical and experimental pI and molecular weight. Additionally, we added the Mascot score results quantifying the identification probability of the fragment match \[[@B19]\]. A definition and interpretation of the meaning of the Mascot score can be found at the internet URL <http://www.matrixscience.com>. We have only included statistically significant Mascot score results (*P*\< 0.05) in the table, protein spots with statistically not significant Mascot scores remained unidentified. For inclusion into the HNSC database, we then added only the protein search result with the highest Mascot score.

Classification of spot families
-------------------------------

We grouped the identified proteins into several functional categories (Fig. [2](#F2){ref-type="fig"}). Most proteins belonged to metabolism pathways, which include glycolysis, tricarboxyic acid cycle, amino acid metabolism, and protein synthesis. The second largest group comprised proteins involved in protein folding. Most proteins in this group were represented chaperones, chaperonines, heat shock proteins, and foldases. A third major group comprehended energy metabolism and cellular respiration, necessary for the cell\'s ATP turnover. The cytoskeletal group comprehended not only proteins constitutive for the cellular cytoskeleton like actin or tubulin, but also proteins modifying and rearranging the cytoskeleton.

![Distribution of the identified protein spots into functional groups. This figure shows the percentual distribution of the identified proteins in functinal groups. The largest group, which comprehends about a third of the proteins, is constituted by cellular metabolism. But also cytoskeletal rearrangement and protein folding were major contributors.](1477-5956-1-4-2){#F2}

Several other proteins belonged to Ca^2+^signaling pathways, cell cycle regulation, proteasome and protein degradation, detoxification, neurotransmitter metabolism with emphasis of glutamate and glycine metabolism, intracellular signaling mechanisms like protein kinase pathways, and regulation of DNA transcription and RNA processing.

Discussion
==========

The aim of the present study was to establish a proteomic database for neural stem cells. We isolated neural stem cells from hippocampi of adult rat brains, as the hippocampal formation is a neurogenic region in the mammalian brain throughout the whole life \[[@B20]-[@B23]\], contributing to learning and memory processes.

To our knowledge, nothing is presently known about the cellular proteome of HNSC. With the exception of a preliminary study on human fetal cortical stem cells \[[@B24]\], where only two proteins, i. e. nestin and microtubule-associated protein MAP-2c, have been identified and described, there is no proteomic reference material for adult neural stem cells. Recently, data became available for a 2-DE study in mouse embryonic stem cells differentiated *in vitro*to neural phenotypes, where 24 protein spots could be identified \[[@B25]\]. In the present study, we describe a comprehensive picture of the HNSC proteome, and, looking into detail, we could identify nearly all of the most abundantly expressed proteins in the neural precursor cells and include these in the database.

Since no study has been performed investigating the protein expression pattern of neural stem cells, we matched our results with murine brain proteome databases. Several studies investigated murine brain proteomes \[[@B26],[@B27]\], and there is a certain overlap of proteins found both in neural stem cells and mature brain cells. Gauss et al. \[[@B26]\] set up a standard spot pattern for mouse brain consisting of 8767 spots, where they could identify 166 (2%) spots representing 90 different proteins. Tsugita et al. \[[@B27]\] mapped about 1188 spots in the mouse brain, of which 122 could be identified (10%), representing 61 different proteins. Compared to these studies, we could identify 266 out of 2472 protein spots (11%).

Moreover, we could identify additional proteins, which are characteristic to the precursor cells. These include the Neuronal Differentiation-Related Protein (NDRP) \[[@B28]\]. This protein is predominantly expressed in developing and regenerating sensory neurons and has been found in the embryonic retina and olfactory epithelium, as well as in perinatal dorsal root ganglia. Of note, NDRP is inducible in motor neurons after axotomy \[[@B28]\]. It contains 6 WD (tryptophan-aspartate) repeats, which can be found in proteins involved in signal transduction, RNA processing, gene regulation, vesicular traffic and regulation of cytoskeletal assembly and/or cell cycle \[[@B29],[@B30]\]. With regard to our data, this protein might be involved also in the generation of hippocampal neurons in neural progenitors during the process of differentiation.

We have identified another differentiation-related protein, the Phosphatidyl Ethanolamine-Binding Protein (PEBP) which is highly expressed in the brain but also a major component of epididymal secretions and sperm plasma membranes \[[@B31]\]. PEBP binds ATP, opioids and phosphatidylethanolamine and -with lower affinity-phosphatidylinositol and phosphatidylcholine. Similarity search has revealed that PEBP might be a serine protease inhibitor which inhibits thrombin, neuropsin and chymotrypsin but not trypsin, tissue type plasminogen activator and elastase. This protein was described as hippocampal precursor peptide stimulating cholinergic phenotypes in the developing brain in cooperation with nerve growth factor NGF, where it increases the production of choline acetyltransferase but not acetylcholinesterase \[[@B32],[@B33]\]. This effect seems to be mediated by a specific receptor \[[@B34]\]. Together with the finding of the present study, that PEBP is also expressed in HNSC, is concordant with the finding that hippocampal neural stem and progenitor cells have the ability to produce cholinergic neurons \[[@B35]-[@B37]\]. PEBP was associated with memory, learning disorders, dementia \[[@B38]\].

Additionally, we have found the expression of CAP1, or synonymously Sperm Protein SP22, in HNSC. This protein has not been described to be expressed in the brain, or nervous tissue before. This putative intracellular protease/amidase has been found originally in sperm, where it is thought to play a role in fertilization and development \[[@B39]\]. Speculating in neural progenitors, this protein could also contribute to cell differentiation and development.

In summary, this database includes a wide variety of the most abundantly expressed proteins of rat hippocampal neural stem cells. Therefore this database will serve as reference database for future stem cell proteomic experiments.

Conclusions
===========

In the present study, we descibe a proteome database of neural stem cells isolated from adult rat hippocampus. This database provides a protein inventory which will allow to specify changes in the protein expression pattern due to specific activated or suppressed pathways during differentiation or proliferation of the stem cells. Therefore, the present database is a useful tool for further stem cell research.

Moreover, we have identified several proteins which are associated with pathways involved in differentation and plasticity, indicating a functional role for these proteins in HNSC. Additionally, the expression of the fertility protein CAP1 has not been described in brain cells before, indicating a role in cellular maturation.

Methods
=======

Cell culture
------------

Protocols are concordant with the policy on the use of laboratory animals, as endorsed by the National Research Council of the U.S.A., and fulfill the requirements of German law. Six male Wistar rats (4--6 weeks old) were anesthesized by short isoflurane inhalation and sacrificed by decapitation. Primary culture of rat neurospheres were obtained as described \[[@B20],[@B40],[@B41]\]. Brains were removed quickly and washed in 50 mL ice-cold Dulbecco\'s Phosphate Buffered Saline (DPBS) supplemented with 4.5 g/L glucose (DPBS/Glc). The dissected hippocampi were washed in 10 mL DPBS/Glc and centrifuged for 5 min at 1600 × g at 4°C. After removal of the supernatant, the tissue was homogenized with scissors and scalpels. The pieces were washed with DPBS/Glc for 5 min at 800 × g, and the pellet was resuspended in 0.01% (w/v) papain, 0.1% (w/v) dispase II (neutral protease), 0.01% (w/v) DNase I, and 12.4 mM manganese sulfate in Hank\'s Balanced Salt Solution. The tissue was triturated with plastic pipet tips and incubated for 40 min at room temperature, but every 10 min the solution was mixed well. Following centrifugation at 800 × g for 5 min at 4°C, pellets were washed three times in 10 mL Dulbecco\'s Modified Eagle\'s Medium-Ham\'s F-12 medium supplemented with 2 mM L-glutamine, 100 units/mL penicillin and 100 units/mL streptomycin. They were resuspended in 1 mL Neurobasal medium supplemented with B27 (Invitrogen, Carlsbad, CA, USA), 2 mM L-glutamine, 100 units/mL penicillin and 100 units/mL streptomycin, 20 ng/mL Epidermal Growth Factor, 20 ng/mL Fibroblast Growth Factor-2, and 2 μg/mL heparin. Cells were plated under sterile conditions in 6-well dishes in a concentration of 25,000--100,000 cells/mL. Dishes were incubated at 37°C in 5% CO~2~. Cell culture medium was changed once a week, where about two thirds of the volume were replaced.

Sample preparation
------------------

For obtaining high-yield protein extracts, we developed a specific protocol: After 5 passages of 14 days each, cells were removed from the medium, washed 3 times in 300 mosmol/L Tris-HCl sucrose, pH 7.4, and dissolved in a detergent lysis buffer containing 7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 0.5% (v/v) Triton X-100, 0.5% (v/v) IPG buffer pH 3--10 (Amersham Biosciences, Uppsala, Sweden), 100 mM DTT and 1.5 mg/mL Complete protease inhibitor (Roche, Mannheim, Germany) for 1 hour at 18°C in an orbital shaker. The lysate was then centrifuged at 21,000 × g for 30 min. Protein content of the supernatant was measured by the Bradford assay \[[@B42],[@B43]\].

Two-dimensional gel electrophoresis
-----------------------------------

Protein extracts were separated by two-dimensional SDS-PAGE essentially as described (.). \[[@B44]-[@B46]\]. Briefly, for first dimensional isoelectric focussing, 500 μg of the cell extract were run in 6 M urea, 2 M thiourea, 1 M DTT, 2% (w/v) CHAPS, 0.5% (v/v) IPG buffer, on 18 cm immobilized non-linear pH 3--10 gradient IPG strips (Immobiline DryStrip pH 3--10 NL, Amersham Biosciences, Uppsala, Sweden), using the IPGphor apparatus (Amersham Biosciences, Uppsala, Sweden). After 12 hours of reswelling time at 30 V, voltages of 200 V, 500 V, and 1,000 V were applied for 1 hour each. Then voltage was increased to 8,000 V within 30 min and kept constant at 8,000 V for 12 hours, resulting in a total of 100,300 Vh. For the second dimension, electrophoretic mass separation was achieved using 20 × 18 × 0.2 cm^3^, 12.5% polyacrylamide gels. Protein spots in five replicates of the protein extracts were visualized by ultra-sensitive silver staining \[[@B47]\] and detected by the Phoretix 2D Advanced v6.01c software (Nonlinear Dynamics, Newcastle-upon-Tyne, UK).

Mass spectrometry and protein identification
--------------------------------------------

Protein spots were identified by mass spectrometry. Mass spectrometry, spectral data acquisition, and database queries were performed by Proteosys AG (Mainz, Germany). Briefly, protein spots were excised with an automated spot-picker and destained as described \[[@B48]\]. In-gel digestion with trypsin (Promega, Madison, WI, USA) was employed using a modified protocol as described \[[@B49]\]. For MALDI-TOF, 1 μL of the peptide mixture was spotted onto a metal MALDI-TOF target (SCOUT-MTP 384, Bruker-Daltonics, Bremen, Germany) and allowed to air-dry. Thereafter, 1 μL of the α-cyano-4-hydroxy-cinnamic acid matrix solution consisting of 10 mg/mL in 50% acetonitrile and 0.1% trifluoroacetic acid was applied to the dried sample and again allowed to air-dry. Peptide mass spectra were obtained using a Bruker Autoflex MALDI-TOF (Bruker-Daltonics, Bremen, Germany) in the reflectron operation mode. Resulting fragment masses were the basis of mining the NCBI, Swiss-Prot and TrEMBL databases for protein identification via Mascot query <http://www.matrixscience.com>. Additional spots were identified by gel matching with published references for neural tissue \[[@B13],[@B26],[@B27],[@B50],[@B51]\].
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###### Additional File 2

Fig. 1-01 to Fig. 1-12 -- HNSC reference map. PDF file containing the HNSC proteome map according to the scout\'s sectors (Fig. [1B](#F1){ref-type="fig"}). The spot numbers correlate with table 1 to allow easy allocation of the spots.
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###### Additional File 1

Table 1 -- HNSC database. Microsoft Excel spreadsheet (XLS format) containing the proteome database for neural stem cells isolated from adult rat hippocampus.
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